Azimuthal anisotropy of attenuation is a physical phenomenon related to the directional change of attenuation. This study examines the frequency properties and directional attenuation of SKS waves. The directional frequency-dependent characteristics of SKS waves are investigated in the frequency band of 0.02-0.5 Hz using data from 53 permanent seismic stations located throughout the northern Yangtze Craton, the southern North China Craton and adjacent areas. In addition to normal splitting behavior, the analysis reveals that many SKS splitting measurements exhibit a lemniscate shape, reflecting frequency differences along fast and slow polarization directions. Frequency analysis shows that spectral ratios between fast/slow components of the lemniscate-type splitting results fluctuate strongly in a higher frequency band of 0.2-0.5 Hz, and fluctuate less within the main frequency band of 0.02-0.2 Hz. For each station, the ratio of the peak amplitude of the fast/slow components can be represented as a cotangential function of event backazimuth multiplying with a constant = 0.42 ± 0.10. This transformation shows that the regional average angles consistently fall within the relatively narrow range of −46.5 ± 3
I N T RO D U C T I O N
When a seismic shear wave propagates through an anisotropic medium, it splits into two orthogonal components travelling at different velocities. This phenomenon is referred to as shear wave splitting or birefringence. Seismic anisotropy within the upper mantle arises primarily from the strain-induced, lattice-preferred orientation (LPO) of minerals (Christensen 1984) . The LPO of anisotropic olivine crystals in the upper mantle is believed to be the primary cause for seismic shear wave splitting, although mineral alignments in some regions of the lowermost mantle also contribute to this phenomenon (Niu & Perez 2004; Wang & Wen 2007) . Laboratory studies show that under large strains and dry conditions, the a-axis of olivine tends to align in the direction of maximum finite extension (Karato 1987) , or in the direction of mantle flow (Zhang & Karato 1995) . The detection of seismic anisotropy therefore provides critical information concerning the properties of mantle minerals and deformation (e.g. Barruol et al. 1997; Savage 1999; Mainprice et al. 2000) .
SKS wave splitting measurement is a routine method for analysing upper mantle anisotropy. When a SKS wave enters the core-mantle boundary (CMB), the conversion from an S wave to P wave at the CMB removes any anisotropy along the path from the source side. When the SKS wave leaves the CMB and converts from a P wave to an S wave, the polarization of the SKS wave occurs within the epicentre-receiver plane, and is orthogonal to the ray path at the piercing point of the CMB. These transformations mean that SKS waves would have only radial energy, but no transverse energy, if the path beneath the receiver side is isotropic or the fast axis is parallel or perpendicular to the radial direction. Given the character of SKS waves, splitting measurements seek to identify a fast polarization direction (φ) and delay time (δt) between the fast and slow components of the wave that can reproduce the minimum energy of the transverse component (e.g. Silver & Chan 1988) .
Previous studies of shear wave splitting assume that shear waves propagate through an elastic media independent of variation in frequency and energy attenuation. Studies by Marson-Pidgeon & Savage (1997) , Long & van der Hilst (2006) , Wirth & Long (2010) , Xue et al. (2013) however reported upper mantle anisotropy in a variety of tectonic settings that caused frequency-dependent splitting parameters. Valid SKS splitting measurements approximate linear particle motion after correction for φ and δt parameters. A series of non-linear measurement exhibit figure-8 or lemniscate shaped particle motions (referred to as lemniscate splitting hereafter). Lemniscate measurements are noted in previous studies but have not been specifically identified or investigated (e.g. Bai et al. 2010; Huang et al. 2011; Zhao et al. 2013) . Zhao et al. (2013) attributed the lemniscate measurements to differing frequencies for the fast and slow components. Specific physical mechanisms that cause the differences in frequencies remain ambiguous.
The prevalence of lemniscate splitting results inspires us to pay more attention to the frequency properties of SKS waves propagating in anisotropic media. The following sections describe splitting measurements in further details along with the relevant spectral characteristics of SKS waves that may give rise to these features. Seismic data from eastern China provide numerous examples of splitting results and information that help to constrain the frequency properties of SKS waves. This process further leads us to discover the azimuth anisotropy of attenuation of SKS waves.
G E O L O G I C A L B A C KG RO U N D
Seismic data from a study area shown in Fig. 1 are selected for this analysis based upon our previous shear wave splitting studies of eastern China (Zhao et al. 2013) . Previous studies revealed lemniscate-splitting results from many stations located in the northern Yangtze craton and adjacent areas. In these previous studies, lemniscate results were excluded from further interpretation due to their uncertain origin.
As part of eastern China, the study area includes three geological settings: the North China Craton (NCC) to the north, the Yangtze Craton (YC) to the south and a convergent boundary (Qinling) between the North China Craton and the Yangtze Craton. The North China Craton is the oldest cratonic block within China and preserves continental rocks as old as 3.8 Ga (Liu et al. 1992) . The oldest rocks found within the Yangtze Craton are igneous units that give a weighted mean U-Pb age of ∼3.2 Ga (Jiao et al. 2009) . Paleomagnetic data and sedimentary records indicate that the convergence between the North China Craton and the Yangtze Craton lasted from Late Permian to the Middle Jurassic time, and created the E-W-trending Qinling-Dabie orogenic belt (Zhao & Coe 1987; Faure et al. 2001; Meng et al. 2005) .
From the Mesozoic to Cenozoic eras, the subduction of the Pacific Plate began to play a dominant role in the evolution of the upper mantle beneath eastern China. Previous studies illustrate that the subduction related deformation of eastern China shows distinct spatial-temporal variations (Zhao et al. 2012 and references therein) . In contrast to major reactivation of structures in the easternmost areas of eastern China, the lithosphere beneath the study area remains relatively stable except for deformation along some marginal areas. These deformations include the formation of the Xuefeng mountain range in the early Mesozoic (Chu et al. 2012) , and the extension of the Shanxi-Shanxi rift system in the Cenozoic (Fig. 1) .
DATA AND ANALYSIS

Data set
This study primarily analyses SKS splitting data from stations located within the northern Yangtze Craton, the southern North China Craton and adjacent areas (Fig. 1) . Data from the permanent stations of the Chinese National Seismic Network (CNSN; Zheng et al. 2010 ) from 2007 July to 2012 May are acquired. All of the selected stations are equipped with three-component broadband sensors (50 Hz to 60 s or longer). Some of the data used (from 2007 July to 2010 May) was analysed by a previous study that interpreted it after applying a 0.02-0.2 Hz bandpass filter (Zhao et al. 2013 ). All of the data interpreted here were analysed or re-analysed using a wider bandpass filter of 0.02-0.5 Hz. In contrast to Zhao et al. (2013) , this study focuses on a general property of the upper mantle related to frequency-dependent attenuation anisotropy, rather than on regional tectonics of the study area.
Shear wave analysis is based on data from 69 teleseismic events, occurring at epicentral distances of 85
• to 115
• from their respective stations. The events mostly originated in the area of the Tonga trench, which is roughly located in the 100-160
• range of event backazimuth (inset of Fig. 1) .
Before further analysis, we apply a two-pole Butterworth bandpass filter between 0.02 and 0.5 Hz to investigate the properties of SKS waves in the frequency domain. This frequency band is chosen according to the predominant frequency band of SKS waves and sensor responses. As a means of quality control, the signal to noise ratio of the radial component (SNRr) is calculated for each SKS record as the peak amplitude of the SKS phase relative to the average amplitude across an 8 s time window, prior to the onset of the SKS phase. All SKS records with SNRr < 8 are excluded from further analysis.
Method
The method follows that of Silver & Chan (1991) for determining SKS splitting parameters. Shear wave splitting assumes shear waves transit through a single homogeneous anisotropic medium in order to derive a unique pair (φ, δt) of the polarized SKS waves. In the simple case, an elastic anisotropic layer with a horizontal axis of symmetry appears as azimuthal anisotropy, meaning the variation of speed for a given wave type as a function of the azimuth of the propagation direction (Savage 1999) . For more complex cases of multilayer anisotropy or anisotropy with a dipping axis of symmetry, splitting parameters are a function of event backazimuths. For simplicity, we use the notation of Kennett (2002) to describe the algorithm used in the analysis described below, but extended it to an SKS wave propagating in a viscoelastic anisotropic media. In terms of the incident polarization azimuth (θ) and the fast shear wave polarization direction (φ) of anisotropic media, the difference between θ and φ is define as For a point where seismic wave propagate into an anisotropic layer, the fast and slow components are represented as ⎡ ⎣ f (t)
where f (t) and s (t) are the fast and slow components, R i (t) and T i (t) are the incident radial and transverse components, respectively, and the rotation matrix R AW is given as
In general, assuming vertical plane wave propagation and incidence through a viscoelastic solid, the propagation factor can be expressed as
where A 0 represents the amplitude at the splitting point, k is the wavenumber along the path direction Z that defined as (Liu et al. 1976 ) where ω is the frequency, v(ω) is the phase velocity and α(ω) = α f (ω) or α s (ω) is the attenuation factor for the respective fast or slow component.
The phase increment and amplitude decrease for upward propagation through a vertical distance h along a certain ray path, and are thus given by the real and imaginary parts:
Within the receiver frame, the observed fast and slow components can then be represented as ⎡ ⎣ f (t)
where R(t) and T(t) are the recorded radial and transverse components, respectively. Eq. (4) can be easily extended into the case of multiple-layer anisotropy by including additional orders in the propagation matrices.
R E S U LT S A N D F R E Q U E N C Y A N A LY S I S
Results
For the 0.02-0.5 Hz frequency band, a total of 814 measurements are yielded including 552 lemniscate results. F-test analysis method (Silver & Chan 1991 ) is applied to calculate the error in significance testing of the associated splitting parameters. The analysis here fixes minimum errors in fast direction and delay time calculations at 5
• and 0.1 s, respectively, even in cases when F-test results affirm smaller error values (Zhao et al. 2008a) . Table S1 (auxiliary material) summarizes all of individual splitting measurements for stations; while Fig. 1 shows a map of the results. Fig. 2 compares typical lemniscate splitting results (station CQCHK) and normal splitting results (station CQCHS) for event 2012:024:00:52:05. The results from station CQCHK contrast the normal splitting results and point to unusual frequency differences between the fast and slow components (Zhao et al. 2013) .
The normal splitting results obtained by this study resemble those reported in previous studies using frequency band of 0.02-0.2 Hz (Zhao & Xue 2010; Zhao et al. 2013) . In contrast, more lemniscate results are obtained for the 0.02-0.5 Hz band than for the 0.02-0.2 Hz band. This contrast illustrates that lemniscate results easily occur from higher frequency data.
Frequency properties of SKS waves
The results show that many events contribute simultaneously to normal and lemniscate splitting. In order to compare frequency features among waveforms, we calculate energy and phase spectra of the fast and slow components using fast Fourier transform analysis (e.g. Zhang et al. 2009 ) as shown in Fig. 3 . Calculation shows that the central frequency range of SKS energy falls between 0.02 and 0.5 Hz. The fast and slow components measured at station CQCHK show more energy and phase variations than those measured at station CQCHS at frequencies high than 0.2 Hz. For comparison, Fig. S1 (auxiliary material) shows the spectrums for the noise of 10 s length before the SKS waves, which also indicates that station CQCHK has stronger spectrum difference than that of CQCHS.
We further analyse data from stations CQCHK, CQCHS, CQYUB, HBYXI, SNHZH and SNXIX to examine the occurrence of lemniscate splitting in different tectonic settings and geologic units. We calculate the fast/slow spectral ratio curves of available results to estimate frequency differences between the fast and slow components. Figs 4(a), (c), (e), (g), (i) and (k) show the amplitude ratio curves for the fast and slow ratios observed from the six stations. For the data yielding lemniscate splitting, the fast/slow spectral ratio curve indicates strong undulation with frequency especially at higher frequency bands. Lemniscate results from all stations share this property, whereas the normal splitting results exhibit flatter ratio curves. The SKS waveforms from each station are visually inspected according to these types of features. This reconnaissance reveals that the spectra for lemniscate splitting results exhibit clear frequency-dependent dissipation differences along the fast and slow polarization directions.
Frequency-dependent directional attenuation
Taking anelastic relaxation into account, from eqs (3) and (4), the amplitude ratio between the fast and slow components of SKS waves propagating through a single anisotropic medium can be represented as a cotangential function:
We assign a = e −[α f (ω)−αs (ω)] to represent the attenuation difference along the fast and slow directions. This formulation means that if the fast and slow components have the same attenuation, a equals 1 and the ratio then satisfies (e.g. Zhao et al. 2008b )
According to this logic, anisotropic media without attenuation anisotropy (i.e. a = 1), predict that (1) the fast and slow components should have the same spectral content, and (2) their amplitude ratio will ascribe to a cotangential function. These conditions will also make the fast/slow spectral ratio curve a flat line. These predictions do not hold for the lemniscate results in which the spectral ratio shows obvious frequency-dependent fluctuations.
To investigate the potential correlation between the amplitude ratio of fast/slow components and event backazimuths, we calculate the amplitude ratios of fast/slow components across different frequency ranges for all normal and lemniscate results. As examples, Figs 4(b), (d), (f), (h), (j) and (l) show the relationships between these parameters for the 0.02-0.5 Hz band as measured at stations CQCHK, CQCHS, SNXIX, CQYUB, SNHZH and HBYXI. It is noted that the peak amplitude of SKS wave lies within the main 0.02-0.2 Hz frequency band (Fig. 3) , we define the corresponding amplitude ratio of fast/slow components as the peak amplitude ratio.
As shown in Fig. 4 , for the 0.02-0.5 Hz frequency range, the peak amplitude ratio of fast/slow components can be matched very well by a cotangential function for both the normal (solid circles) and lemniscate splitting results (open circles). The function is represented as:
where a is a constant, β is best matching shift angle with respect to the north. This indicates that both normal and lemniscate results show approximately the same amount of anisotropic attenuation. It is noted that the best matching shift angle β is neither parallel nor perpendicular to fast direction φ at some stations such as CQYUB, HBYXI and so on. This feature cannot be explained as amplitude variations with the event backazimuths otherwise the amplitude ratio should obey the function regional average as eqs (5) or (6) represents. An amplitude constant of a < 1 implies that the fast and slow components of the SKS wave experience different attenuation (i.e. directional attenuation) within the main frequency band. The average ratio observed for the higher 0.2-0.5 Hz frequency range exhibit a widely scattered pattern which contrasts that of the main frequency band (Fig. 4) . Following the processing steps described above, we calculate the fast/slow spectral ratio in the 0.02-0.5 Hz band for data from all stations. As Fig. 5 shows, the regional average angles (β) consistently fall within a narrow range of −46.5 ± 3
• with respect to the north, and the constant, a, has an average value of 0.42 with a standard deviation of ∼0.10. We therefore define angle β as the regional average angle that can reflect an overall property of attenuation. The relatively narrow range of the regional average angle and constant a implies that (1) a regional tectonic controlling factor dominates the directional attenuation of SKS waves in the main frequency band and (2) along the regional average angle, the fast component experiences almost 2.4 times more attenuation than slow component does.
In order to further analyse the spectrum features of the components along and perpendicular to the regional average angles, we project SKS waves onto two orthogonal components (parallel and perpendicular to β, respectively), and calculate the amplitude ratios across different frequency ranges for all splitting results. Fig. 6 shows that, in the 0.02-0.2 Hz band, the relationship between amplitude ratio and event backazimuth can also be represented as a cotangential functions with the same best matching angles as those shown in Fig. 4 but a higher constant a. The constant with value <1 indicate that, along the regional average angle, the component is attenuated more than that one in the orthogonal directions. While the average ratio observed for the higher 0.2-0.5 Hz frequency range also exhibit a widely scattered pattern which contrasts that of the 0.02-0.2 Hz band.
D I S C U S S I O N
Frequency effects on SKS wave propagation in elastic, anisotropic media
In order to investigate the propagating effects of SKS wave in different frequency bands, we perform a series of forward modelling using a 2-D hybrid numerical method for anisotropic media (Zhao et al. 2008a . As described in , the total volume from the source to seismic array is divided into three subregions (Fig. 7) : the volume imaged by generalized ray theory (the GRT volume), the volume calculated with spectral element method (the SEM volume) and the GRT-SEM interface. We use PREM model (Dziewonski & Anderson 1981) as the background velocity model. Within the SEM volume with width of 1000 km by height of 450 km, anisotropic layers with 6.59 per cent anisotropy of shear waves (corresponding to the vertical plane-wave propagation) are embedded. Without losing generality, we show the results from a model that has 80-km-thick one-layer anisotropy with the fast direction fixed to be parallel to the north. We change the event backazimuth from 0
• to 180
• with increments of 10 • , and then calculated the corresponding synthetics of SKS wave. Waveforms were subjected to 0.02-0.2 Hz and 0.02-0.5 Hz bandpass filters (Fig. 7) , respectively. Comparison of splitting parameters shows that different filters yield different delay times changing with event backazimuth. This observation generally agrees with those of previous studies (Marson-Pidgeon & Savage 1997; Long & van der Hilst 2006) .
Comparison of splitting results using different filters (Fig. S2 ) shows that the lemniscate feature is more obvious for the case using the 0.02-0.5 Hz filter than that using the 0.02-0.2 Hz filter. This can be explained by that the f/s ratio fluctuates more strongly within the frequency range of 0.2-0.5 Hz as the frequency analysis shows (Fig. 4a) . The average ratio for the higher 0.2-0.5 Hz frequency range (triangles in Fig. 8b ) is also dependent on event backazimuth but changes more rapid than the peak amplitude ratio in the 0.02-0.2 Hz frequency range. We also investigate more complex models including double-layer anisotropic media and anisotropy with a dipping axis of symmetry. The results show that fast/slow peak amplitude ratio exhibits more complicated relationship, however, cannot explain the observations with constant a < 1. The forward modelling implies that a more complicated property of the upper mantle, such as anelastic anisotropy, should be invoked to explain the observed phenomenon that a is almost a constant of 0.42, much smaller than the expected value of 1.
Possible tectonic effects on directional attenuation
As Figs 1 and 5 illustrate, the regional average angles show more consistency than the observed fast polarization directions. The fast polarizations observed at stations HBDJI and HALS for example, exhibit strong dependence on backazimuth suggesting a complex form of anisotropy beneath the stations, such as multiple-layer anisotropy or anisotropy with a dipping symmetrical axis. These Figure 6 . The amplitude ratio of the components along and perpendicular to regional average angle β (left-hand panel) and its correlation with event backazimuth (right-hand panel) in 0.02-0.5 and 0.2-0.5 Hz frequency bands for stations CQCHK, CQCHS, SNXIX, CQYUB, SNHZH and HBYXI. The legends are the same as Fig. 4 . In right panels, red line marks the best matching cotangential function of backazimuth with constants a and β labelled in Fig. 4 ; Grey dashed line marks best matching cotangential function with the same β obtained in Fig. 4 but a different constants a, while green line marks a cotangential function with a = 1. would require a much more complicated relationship between the fast/slow ratio and event backazimuth than that predicted from a cotangential function assuming a single layer of anisotropy. The regional average angle is not simply the average of the fast directions obtained from individual events. In addition, by fitting the trend of the existing events (Figs 4b, d , f, h, j and l), the obtained regional average angle possibly reflects an overall property controlled by the regional tectonics.
A previous study by Carter & Kendall (2006) used microseismic data to investigate attenuation anisotropy in the upper few (Fig. 7) .
kilometres of the crust. Assuming that fast and slow components propagating in anisotropic media initially have the same spectra, Carter & Kendall (2006) attributed differences in their frequency content to attenuation anisotropy, after accounting for background noise and instrumental responses. Provided that SKS waves consist only of radial energy prior to vertical propagation through the anisotropic media, the fast and slow components should arise from the anisotropic media. A general assumption is accepted that the lower mantle is isotropic and the observed anisotropy is mainly from the upper mantle and a small part (averagely <20 per cent) from the crust (Savage 1999) . This demonstrates that SKS wave splitting measurements retain relative directional attenuation in the crust and the upper mantle, though not the absolute values as that derived by conventional methods (e.g. Stein & Wysession 2003) . The fast and slow components obtain their energy from the original radial energy of the SKS wave and experience different degrees of attenuation when the SKS wave propagates through anisotropic media. This interpretation suggests that the origin depth of attenuation anisotropy is the same as that of seismic anisotropy. Zhao et al. (2013) interpreted rapid changes in the fast polarization directions and upper mantle velocity models from tomographic studies (e.g. Zhao et al. 2012) as evidence that the observed seismic anisotropy mainly originated from the thick lithosphere underlying the study area addressed here.
From Mesozoic to Cenozoic time, northwestward subduction of the Pacific Plate caused tectonic reactivation throughout eastern China (e.g. Wu et al. 2005; Zhu & Zheng 2009 ). If regional tectonic events impart lithospheric attenuation properties, Pacific plate subduction is a more plausible causal mechanism than the previous tectonic events such as the collision of the North China Craton and the Yangtze Craton. Previous tectonic events could hardly exert a directionally coherent influence on the lithosphere prior to the amalgamation of the North China and Yangtze Cratons because of the rotation of the Yangtze Craton relative to the North China Craton. The directional coherence also matches the northwestward direction of Pacific Plate subduction (Sun et al. 2007 and references therein). Numerical modelling of this geodynamic framework has shown that the mechanism for intracontinental lithospheric deformation explains belt-parallel anisotropy and the high velocity anomaly observed beneath the eastern Yangtze Craton . A more detailed understanding of how subduction influenced attenuation properties of the upper mantle however requires further study of lithological and tectonic mechanisms for directional attenuation. Aki (1980) found that quality factor of shear wave (Q β ) measurements from the lithosphere in the 0.02-25 Hz frequency range show remarkable frequency dependence, and vary systematically across regions in response to tectonic activity. Based upon the observation of strong azimuthal anisotropy of 1/Q Lg in northern Tibet, Bao et al. (2012) suggested that the anisotropic Q might be associated with the fractures and faults in the crust. Our observation of SKS waves demonstrates that attenuation effects depend not only on frequency, but also on directions, as evident from differences in the fast and slow component responses to attenuation.
Possible mechanism for frequency dependent directional attenuation
We suggest two possible mechanisms that could cause frequency dependent directional attenuation of shear waves. Viscoelastic properties of mineral crystals provide a possible microscale mechanism for the observed phenomena. Most petrophysical experiments only address the elastic properties of anisotropic media such as olivine minerals (e.g. Mainprice et al. 2000; Karato et al. 2008) . A recent laboratory experiment by Farla et al. (2012) however demonstrated the possibility of anisotropic attenuation in relatively coarse-grained rocks where olivine deforms at relatively high stress by dislocation creep under upper mantle conditions. These experiments demonstrate microscale anisotropic attenuation during upper mantle deformation, and give clues of how regional tectonics may cause attenuation anisotropy in the upper mantle.
An additional macroscale mechanism may account for directional attenuation as well. The dispersion of the fast/slow energy ratio may reflect energy loss induced by high-frequency scattering by smallscale inhomogeneities. According to interpretations of Fresnel zone effects (Alsina & Snieder 1995) , low-frequency measurements are sensitive to a larger and deeper anisotropic volume than are highfrequency measurements (Favier & Chevrot 2003; Chevrot et al. 2004; Long & van der Hilst 2006) . Comparisons of fast/slow ratios in different frequency bands indicate that large-scale anisotropic characteristics of the main frequency band support the assumption that SKS waves propagate within an anisotropic layer with directional attenuation, while smaller-scale features affecting the higher frequency band relate to small-scale variations in attenuation. The observed directional attenuation therefore may arise from the combined effects of frequency and small-scale scattering.
C O N C L U S I O N S
This study investigates directional frequency characteristics of seismic shear waves using broad-band seismic stations located within the northern Yangtze Craton and adjacent areas. The SKS waves from these stations are analysed within frequency band of 0.02-0.5 Hz by routine method. Data yields many lemniscate-splitting measurements. Spectral analysis further demonstrates that the frequency difference and energy dissipation occur primarily within the higher 0.2-0.5 Hz frequency band. Synthetic calculations show that the amplitude difference between the fast and slow directions cannot be explained by elastic anisotropic models such as multiplelayer anisotropy or anisotropy with a dipping symmetrical axis. The difference between the fast and slow components could instead arise from attenuation anisotropy in the upper mantle, provided that the fast and slow components have the same initial spectral content inherited from the radial component of the SKS phase. To test this hypothesis, we calculate spectral ratios between fast and slow components and found that the peak amplitude ratio of fast/slow components is a cotangential function of event backazimuth. The regional average angle (β) determined for this cotangential function consistently fall within a narrow range of −46.5 ± 3
• with respect to the north. The relatively consistent peak ratio between the amplitudes of the fast and slow components suggests that the directional attenuation of SKS waves arises in the main frequency band of 0.02-0.2 Hz. The average fast/slow energy ratio is more dispersed in the higher frequency band of 0.2-0.5 Hz. Further analysis is performed by projecting the SKS waves onto the components along and perpendicular to the regional average angles. The calculation shows that, in the 0.02-0.2 Hz band, the relationship between amplitude ratio and event backazimuth can also match a cotangential functions with the same best matching angles but a higher constant a (<1). We interpret the observation as a combination effect of frequencydependent attenuation anisotropy and small-scale inhomogeneities. Future research addressing other tectonic settings will help determine whether this sort of seismic frequency-dependent attenuation anisotropy is a common feature of the Earth's upper mantle.
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